Adenosine receptors modulate dopaminergic function by regulating dopamine release in presynaptic neurons and intracellular signaling in postsynaptic striatal neurons. To investigate how adenosine impinges on the action of dopamine in feeding and locomotion, genetically altered, dopamine-deficient mice were treated with adenosine receptor antagonists. Acute administration of the nonselective adenosine receptor antagonist, caffeine (5-25 mg͞kg i.p.), reversed the hypophagia of mutant mice and induced hyperactivity in both control and mutant animals. However, caffeine treatment elicited much less hyperactivity in dopaminedeficient mice than did L-3,4-dihydroxyphenylalanine (L-dopa) administration, which partially restores dopamine content. Caffeine treatment enhanced feeding of L-dopa-treated mutants but, unexpectedly, it reduced their hyperlocomotion. Caffeine administration induced c-Fos expression in the cortex of dopamine-deficient mice but had no effect in the striatum by itself. Caffeine attenuated dopamine agonist-induced striatal c-Fos expression. An antagonist selective for adenosine A2A receptors induced feeding and locomotion in mutants much more effectively than an A 1 receptor antagonist. L-dopa-elicited feeding and hyperlocomotion were reduced in mutants treated with an A1 receptor agonist, whereas an A2A receptor agonist decreased L-dopa-induced feeding without affecting locomotion. The observations suggest that the hypophagia and hypoactivity of mutants result not only because of the absence of dopamine but also because of the presence of A 2A receptor signaling. This study of a genetic model of dopamine depletion provides evidence that A2A receptor antagonists could ameliorate the hypokinetic symptoms of advanced Parkinson's disease patients without inducing excessive motor activity.
A denosine accumulates extracellularly from breakdown of ATP released from synaptic vesicles and also diffuses across cell membranes through adenosine transporters (1) . It regulates ion channel activity in striatal neurons by activating G proteincoupled receptors. The hypothesis that adenosine and dopamine oppose each other's actions is based on colocalization of their receptors in striatal neurons and coupling of the receptors to opposing G proteins (2) . In striatopallidal neurons, adenosine A 2A receptors, which couple to G olf proteins, are coexpressed with D 2 receptors, which couple to G i proteins. A 1 receptors are expressed in both dopamine D 1 receptor-expressing striatonigral and D 2 receptor-expressing striatopallidal neurons. In striatonigral neurons, A 1 receptors, which couple to G i proteins, oppose the action of D 1 receptors, which couple to G olf proteins. Additionally, adenosine receptors can interact physically with dopamine receptors and lower the affinity of these receptors for dopamine (2) . In vitro evidence suggests that glutamate NMDA receptor activity in striatopallidal neurons leads to greater activation of A 2A receptors (3) .
The model of striatal dopamine͞adenosine opposition is further supported by findings that parkinsonism-like motor deficits of D 2 receptor-deficient mice can be reversed by A 2A receptor antagonists and caffeine (4, 5) . Additionally, catalepsy induced by acute D 2 receptor antagonist treatment is attenuated in A 2A receptor-deficient mice (6) . In terms of cAMP-dependent gene expression, enkephalin mRNA is overexpressed in the D 2 receptor-deficient striatum but is attenuated in the striatum of mice lacking both D 2 and A 2A receptors (6) . Finally, neurochemical studies have shown that D 2 receptor-mediated inhibition of GABA release from striatopallidal neurons is reversed by A 2A receptor agonists (7) .
In addition to these results showing opposing interactions at the level of motor behavior, gene expression, and neurochemistry, two studies have indicated that adenosine receptor blockade reverses hypophagia in rodents in which dopamine is chronically depleted after intracranial delivery of the neurotoxin, 6-hydroxydopamine (8, 9) . Hypophagia in these rodents results from impaired sensorimotor function and motivation (10) . One hypothesis is that unopposed adenosine signaling in the striatum of these animals impairs motor and reward-related function. This report addresses how adenosine functions in the striatum of mice in which dopamine production has been genetically inactivated and how it modulates locomotion, feeding behavior, and immediate-early gene expression.
Methods
Behavioral Studies. All mice were used in accordance with guidelines for animal care and use established by the National Institutes of Health and the University of Washington Animal Care Committee. Dopamine-deficient mice were bred as described (11) . Control and Th Ϫ/Ϫ ; Dbh Th/ϩ (tyrosine hydroxylase, dopamine ␤-hydroxylase) mice used in behavioral experiments were 3-to 10-month-old cagemates, maintained on a mixed C57BL͞6 ϫ 129͞SvEv genetic background. Control mice included animals that were Th ϩ/ϩ , Th
; Dbh Th/ϩ , and combinations of these genotypes. Locomotion was measured in photo-beam activity cages as described (12) . Food pellets (Purina) used were 5015 chow (11% fat, 4.35 kcal͞g). Tap water was freely available to mice throughout all experiments. The light cycle was maintained on a 12-h light-dark schedule with lights turning on at 7:00 a.m.
The injection volume for all treatments was 10 l͞g i.p., unless otherwise noted. Mice were treated with 0.9% saline, caffeine (Sigma) diluted at various concentrations (0.5, 1.5, 2.5 mg͞ml), R-(ϩ)-SCH 23390 hydrochloride (Sigma, 0.02 mg͞ml), haloperidol (McNeil Pharmaceutical, 0.2 mg͞ml), L-3,4-dihydroxyphenylalanine (L-dopa, Sigma, 33 l͞g i.p., 1.5 mg͞ml in 2.5 mg͞ml ascorbic acid in PBS), 10% DMSO͞10% Cremophor El (Sigma), 1,3-dipropyl-8-cyclopentylxanthine (DPCPX, Sigma, 0.15 mg͞ ml), 8-(3-chlorostryryl)caffeine (CSC, Sigma, 0.5 mg͞ml), CGS 15943 (Sigma, 1 mg͞ml), N 6 -cyclopentyladenosine (CPA, Sigma, 0.03 mg͞ml), CGS 21680 hydrochloride (Sigma, 0.05 mg͞ml), and (ϩ͞Ϫ)-SKF 81297 (Sigma, 0.125 mg͞ml). For caffeine, SCH 23390, haloperidol, and SKF 81297, the drug vehicle was saline. For DPCPX, CSC, CGS 15943, CPA, and CGS 21680, the drug vehicle was DMSO͞Cremophor El. Before feeding and activity were measured, mice were placed in activity cages for a day for acclimatization. On the night before each experimental measurement was taken, food was removed at 11:00 p.m. At 2:00 p.m. on the next day, food was replenished, drugs were administered, and food intake and activity were monitored for 2 or 4 h. Mutants had been injected with their last L-dopa (50 mg͞kg) dose 24 h before any experimental treatment was given and were maintained between treatments with the same daily doses of L-dopa.
Immunohistochemistry. Control and Th

Ϫ/Ϫ
; Dbh
Th/ϩ mice were fed ad libitum. Mice were treated with drugs and anesthetized with CO 2 after 2 h. Mice were transcardially perfused with 10 units͞ml heparin sodium (American Pharmaceutical Partners, Los Angeles) in PBS and then 4% paraformaldehyde in PBS. Brains were dissected, immersed in paraformaldehyde, cryoprotected in 30% sucrose, and frozen in isopentane. Free-floating coronal sections (20 m) were immunostained using rabbit polyclonal antisera directed against c-Fos (1:5,000, Santa Cruz Biotechnology). Immunoreactivity was revealed using a biotinylated goat-anti-rabbit IgG antibody (Vector Laboratories), streptavidin-conjugated horseradish peroxidase (Zymed), and diaminobenzidine chromagen (Zymed). Sections were slidemounted, coverslipped, and photographed. c-Fos immunoreactive nuclei were quantified from three images of each brain region for each mouse by using SCION IMAGE (Release 4.02).
Statistical Analysis. Two-way ANOVA with repeated measures was performed using STATISTICA (Release 6.0, StatSoft, Tulsa, OK).
Results
Feeding and Locomotor Responses to Caffeine. Dopamine-deficient (Th Ϫ/Ϫ ; Dbh Th/ϩ ) mice in which Th gene function is inactivated in dopaminergic cells but preserved in noradrenergic and adrenergic cells display parkinsonism-like motor deficits, hypophagia, hypodipsia, and high sensitivity to dopamine receptor agonists (11) (12) (13) . One possibility is that the phenotypes of mutant mice result not only because of the loss of dopamine (Ͻ1% of control levels) but also because of the presence of an opposing neurotransmitter, adenosine. To address this hypothesis, control and mutant mice were treated acutely with the A 1 and A 2A receptor antagonist, caffeine and food intake and locomotor activity were monitored for 4 h.
All experiments were performed 24 h after mutants had received their last L-dopa (50 mg͞kg) injection, a time when brain dopamine content in mutants is Ͻ1% of normal levels (13) . Because mutant mice only eat for Ϸ9 h after routine daily L-dopa (50 mg͞kg) injection (13) , both control and mutant mice were fasted for 15 h to induce similar hunger levels. In response to a 15-h food restriction and saline injection, control mice ate 46 g͞kg in 4 h, whereas mutant mice consumed only 41% as much (Fig. 1A) . The feeding of control mice treated with caffeine (5, 15, and 25 mg͞kg) was not significantly affected. In contrast, caffeine treatment induced feeding in mutant mice in a dosedependent manner to levels that were indistinguishable from L-dopa (50 mg͞kg) treatment, which restores dopamine production in mutants (refs. 11 and 13; dose-related caffeine effect, P Ͻ 0.0001). In response to L-dopa (50 mg͞kg) treatment, control mice were unaffected, but mutant mice consumed twice as much food as control mice treated with saline (no genotype difference, P ϭ 0.082; L-dopa effect, P ϭ 0.0003; genotype-L-dopa interaction, P ϭ 0.0012).
The effects of caffeine were most likely mediated by adenosine receptors because caffeine binds to A 1 and A 2A receptors with affinity constants in the 50 M range, whereas its IC 50 value for other pharmacological targets, such as cyclic nucleotide phosphodiesterases and ryanodine receptors, is in the 500-5,000 M range (14) . In rats treated with caffeine (15 mg͞kg), striatal concentrations peak at 13 M (15). Furthermore, caffeine (25 mg͞kg) administration to A 2A receptor-deficient mice fails to elicit hyperactivity and, in fact, depresses locomotion (16, 17) , suggesting that the activity-inducing effects of this dose of caffeine are mediated by A 2A receptors.
To assess whether caffeine induced feeding in mutants in a dopamine receptor-dependent manner, caffeine (25 mg͞kg) was coadministered with the dopamine D 1 -and D 2 -like receptor antagonists SCH 23390 (0.2 mg͞kg) and haloperidol (2 mg͞kg), respectively ( Fig. 1 A) . In both groups of mice, the effects of caffeine (25 mg͞kg) on feeding were attenuated by the antagonists (genotype difference, P ϭ 0.0056; antagonist effect, P ϭ 0.0061; no genotype-antagonist interaction, P ϭ 0.26). However, whereas combined SCH 23390 and haloperidol treatment reduced feeding after caffeine treatment by 28% in control and 26% and mutant mice, it reduced feeding after L-dopa treatment by 81% in control and 72% in mutant mice, suggesting that the majority of caffeine's effects was independent of dopamine receptor activation (genotype difference, P ϭ 0.0051; antagonist effect, P Ͻ 0.0001; genotype-antagonist interaction, P ϭ 0.045).
Chronic administration of caffeine (25 mg͞kg, three times daily) supported feeding and survival of the mutants for 4 days but was less efficacious thereafter (data not shown), perhaps reflecting tolerance and desensitization to repeated caffeine exposure. In the absence of daily L-dopa treatment, mutant mice die of starvation and dehydration within 2 days (11).
Locomotor activity was also monitored simultaneously for 4 h. In response to saline injection, mutant mice traveled 3.6 Ϯ 1.8 m (mean Ϯ SEM), and control mice traveled 4.9 Ϯ 0.9 m (Fig. 1B) . Because activity was measured during daylight hours and after mice had acclimatized to their environment, the locomotion of control mice was relatively low and equivalent to that of mutants. Caffeine administration induced hyperlocomotion in control and mutant mice in a dose-related manner that reached 5-fold the levels after saline treatment, but the hyperlocomotion of mutants never reached levels observed after L-dopa treatment (dose-related caffeine effect, P Ͻ 0.0001). With L-dopa administration, control mice were unaffected, but mutants were 25-fold more active than with saline treatment (genotype difference, P ϭ 0.0006; L-dopa effect, P ϭ 0.0005; genotype-L-dopa interaction, P ϭ 0.0007).
The effects of caffeine (25 mg͞kg) were attenuated by coadministration of the D 1 -and D 2 -like receptor antagonists in control by 87% and mutant mice by 24% ( Fig. 1B ; no genotype difference, P ϭ 0.54; antagonist effect, P ϭ 0.016; no genotypeantagonist interaction, P ϭ 0.10). The antagonists reduced locomotor activity after L-dopa treatment by 80% in control and 92% in mutant mice (genotype difference, P ϭ 0.0007; antagonist effect, P ϭ 0.0003; genotype-antagonist interaction, P ϭ 0.0007). Thus, the antagonists were more effective at reducing L-dopa-induced hyperactivity as compared with their effect on caffeine-induced locomotion, suggesting that most of the caffeine-induced activity of mutants was independent of dopamine receptor activation.
To address the possibility that dopamine receptor activation and adenosine receptor blockade might have additive effects on feeding and locomotion, L-dopa and caffeine were coadministered to control and mutant mice. The prophagic effects of L-dopa on food intake in mutant mice were enhanced by 48% with coadministration of caffeine in a near-additive manner (25 mg͞kg, Fig. 2A ; caffeine effect, P ϭ 0.0006; L-dopa effect, P ϭ 0.0005; no caffeine-L-dopa interaction, P ϭ 0.22). Interestingly, L-dopa-induced hyperactivity in mutants was reduced 42% by caffeine coadministration ( Fig. 2B ; no caffeine effect, P ϭ 0.14; L-dopa effect, P ϭ 0.0005; caffeine-L-dopa interaction, P ϭ 0.015).
Responses to Selective A1, A2A, and Dual Receptor Antagonists. The effects of selective A 1 and A 2A receptor antagonists on feeding and locomotion were also assessed. The selective A 1 receptor antagonist, DPCPX (1.5 mg͞kg), did not increase food intake in mutant mice as compared with vehicle treatment (Fig. 3A) . Coadministration of DPCPX with L-dopa did not significantly enhance L-dopa-induced feeding. DPCPX radioligand binding is abolished in the brain of A 1 receptor-deficient mice, suggesting that this drug blocks A 1 receptors preferentially (18) . In contrast, the selective A 2A receptor antagonist, CSC (5 mg͞kg), increased feeding in mutants by 494% as compared with vehicle treatment but had no effect in controls (genotype difference, P Ͻ 0.0001; CSC effect, P ϭ 0.0003; genotype-CSC interaction, P ϭ 0.021). Coadministration of CSC with L-dopa augmented L-dopainduced feeding by 36% in control mice and by 49% in mutant mice (genotype difference, P ϭ 0.0002; CSC effect, P ϭ 0.0027; no genotype-CSC interaction, P ϭ 0.067). As with caffeine, the stimulatory effect of CSC on L-dopa-elicited feeding in mutant mice was nearly additive (L-dopa effect, P ϭ 0.0002; CSC effect, P ϭ 0.011; no L-dopa-CSC interaction, P ϭ 0.13). CSC (5 mg͞kg) was reported to be without any activity-inducing effects in A 2A receptor-deficient mice (6), suggesting that it blocks A 2A receptors specifically. Coadministration of DPCPX (1.5 mg͞kg) and CSC (5 mg͞kg) did not increase the feeding response of control and mutant mice to CSC alone.
In terms of locomotor activity, A 1 receptor blockade with DPCPX induced activity in control mice by 60% and 110% in mutant mice over responses to vehicle treatment ( Fig. 3B ; genotype difference, P ϭ 0.0021; DPCPX effect, P ϭ 0.0044; no genotype-DPCPX interaction, P ϭ 0.062). But DPCPX treatment did not significantly affect L-dopa-induced hyperlocomotion in mutants. The A 2A receptor antagonist, CSC, induced locomotor activity in control mice by 129% and 1,952% in mutant mice over responses to vehicle treatment (no genotype difference, P ϭ 0.77; CSC effect, P ϭ 0.020; no genotype-CSC interaction, P ϭ 0.40). CSC administration augmented L-dopainduced hyperactivity of mutants by 85% (genotype difference, P ϭ 0.0006; CSC effect, P Ͻ 0.0001; genotype-CSC interaction, P ϭ 0.0033). The stimulatory effect of CSC on L-dopa-elicited hyperlocomotion in mutant mice appeared to be synergistic (L-dopa effect, P ϭ 0.0022; CSC effect, P Ͻ 0.0001; L-dopa-CSC interaction, P ϭ 0.0016). Coadministration of DPCPX (1.5 mg͞kg) and CSC (5 mg͞kg) did not augment the locomotor response of mutant mice to CSC alone.
The acute effects of CGS 15943, a nonmethylxanthine, dual adenosine receptor antagonist that does not inhibit phosphodi- esterases, were also determined. CGS 15943 has been reported to inhibit adenosine receptors in the 3-to 20-nM range, whereas it has no effect on phosphodiesterases at concentrations as high as 10 M (19). Treatment with CGS 15943 (10 mg͞kg) had no effect on ingestive behavior of control mice, but it induced feeding in mutant mice by 457% over vehicle treatment (genotype difference, P ϭ 0.0002; CGS 15943 effect, P Ͻ 0.0001; genotype-CGS 15943 interaction, P ϭ 0.0005). CGS 15943 did not enhance the L-dopa-induced prophagic response of mutants, unlike caffeine or CSC. A higher dose of CGS 15943 (16 mg͞kg) failed to induce more feeding in mutants (data not shown).
CGS 15943 treatment induced locomotion in control mice by 237% and mutant mice by 1,394% over vehicle treatment (genotype difference, P ϭ 0.029; CGS 15943 effect, P Ͻ 0.0001; no genotype-CGS 15943 interaction, P ϭ 0.47). CGS 15943 did not enhance the L-dopa-induced hyperlocomotion of mutants.
Responses to Coadministration of L-Dopa and Selective A1 and A2A
Agonists. The possibility that selective adenosine receptor agonists might reduce the feeding and locomotor responses elicited by L-dopa treatment was examined. Preliminary studies indicated that A 1 and A 2A agonists were shorter acting than drugs used in the above experiments, so data from 2-h experiments are reported. The selective A 1 receptor agonist, CPA (0.3 mg͞kg), attenuated feeding responses to L-dopa of control mice by 70% and mutant mice by 91% ( Fig. 4A ; genotype difference, P Ͻ 0.0001; CPA effect, P Ͻ 0.0001; genotype-CPA interaction, P Ͻ 0.0001). It also diminished the locomotor responses to L-dopa of control mice by 84% and mutant mice by 97% ( Fig. 4B ; genotype difference, P Ͻ 0.0001; CPA effect, P Ͻ 0.0001; genotype-CPA interaction, P Ͻ 0.0001). CPA has been reported to have 500 times selectivity for the A 1 receptor over A 2A receptors (20) . Similarly, the selective A 2A receptor agonist, CGS 21680 (0.5 mg͞kg), reduced feeding in L-dopa-administered control mice by 81%, and it diminished the response of mutant mice by 78% (genotype difference, P Ͻ 0.0001; CGS 21680 effect, P Ͻ 0.0001; genotype-CGS 21680 interaction, P ϭ 0.0006). At this dose, L-dopa-induced hyperlocomotion of mutants was unaffected.
CGS 21680 (0.5 mg͞kg) fails to depress motor function in A 2A receptor-deficient mice (16) , substantiating the specificity of this dose of the drug for A 2A receptors.
Brain c-Fos Induction. To address the possibility that the feeding and locomotor responses to caffeine might be caused by changes in striatal intracellular signaling, induction of the immediateearly gene, c-fos, was assessed as a marker of acute elevations in cAMP and Ca 2ϩ in striatal neurons. Control and mutant mice were injected with saline, animals were killed after 2 h, and induction of nuclear c-Fos immunoreactivity was assessed. Few immunoreactive nuclei were observed in saline-treated control or mutant mice (Fig. 5I ). Control and mutant mice failed to exhibit much nuclear immunoreactivity after caffeine (25 mg͞ kg) treatment in either the caudate putamen (Fig. 5I) or nucleus accumbens (data not shown). This drug and dose were chosen for these experiments because of their efficacy and relevance in the induction of feeding and activity in mutants. L-dopa (50 mg͞kg) treatment led to enhanced c-Fos expression in the dorsal striatum of mutant (Fig. 5B ), but not in control mice (Fig. 5A) . Administration of the direct D 1 -like receptor agonist, SKF 81297 (1.25 mg͞kg), had little effect on c-Fos expression in control striatum (Fig. 5C ), but it induced abundant c-Fos immunoreactivity in mutant striatum (Fig. 5D) . The L-dopa-induced c-Fos response of mutants was attenuated by coadministration of caffeine (Fig. 5F ). The dual treatment had no effect on control mice (Fig. 5E ). To test whether caffeine's effects on immediateearly gene expression were independent of its effects on dopamine release, control and mutants were treated with caffeine and SKF 81297. SKF 81297-induced, striatal c-Fos expression in mutants was reduced markedly by caffeine coadministration (Fig. 5H) . Treatment with caffeine and SKF 81297 had little effect on control mice (Fig. 5G) . Quantitation of the number of c-Fos-positive nuclei in the caudate putamen after various treatments is shown in Fig. 5I .
Although there was no effect of caffeine alone on c-Fos expression in the striatum (Fig. 5) , there was a large induction of c-Fos in somatosensory cortex (Fig. 6D) , similar to that observed with L-dopa (Fig. 6G ). There were no dramatic effects of either caffeine or L-dopa treatment on c-Fos expression in the amygdala (Fig. 6 E and H) or hypothalamus of mutant mice (Fig. 6 F  and I) . The number of immunoreactive nuclei after various treatments for cortex, amygdala, and hypothalamus is shown in Fig. 6 J, K, and L, respectively.
Discussion
Previous investigators have postulated that a link exists between caffeine's effects on motor function and its antagonism of adenosine receptors in the striatum based primarily on the highly enriched striatal expression of A 2A receptors and the longstanding notion that striatal neurons modulate voluntary movement and sensorimotor function (2) . Induction of locomotor activity by relatively low doses of caffeine (5-25 mg͞kg) in control and Th Ϫ/Ϫ
; Dbh
Th/ϩ mice may reflect regional effects of the drug in the striatum. Additionally, induction of feeding by caffeine may also be driven by striatal adenosine receptor blockade. Localized viral gene transfer experiments, in which dopamine production was reintroduced into the caudate putamen of mutants, underscore the importance of striatal neuronal activity in facilitating feeding behavior (21) . The high sensitivity of mutants to caffeine relative to that of control mice in terms of feeding also suggests that the drug's effects are mediated by parts of a neuronal circuit where dopaminergic function is normally present, like the striatum. Feeding induced by caffeine may also reflect activity changes in other brain regions of mutants. The observation that caffeine induced c-Fos expression in the cortex, but not the striatum, amygdala, or hypothalamus, may reflect direct effects on cortical adenosine receptors (22) . Alternatively, cortical c-Fos expression may result from enhanced cAMP signaling caused by caffeine's actions elsewhere in the brain. Delivery of caffeine to specific brain regions may help to define regions where it can elicit feeding in mutants and thus discriminate among these possibilities.
In the striatum, A 1 receptors are expressed in postsynaptic neurons as well as in dopaminergic, glutamatergic, and cholinergic terminals (2) . Blockade of A 1 receptors, which are coupled to inhibitory G proteins, in presynaptic inputs could lead to enhanced release of dopamine, glutamate, and acetylcholine. But A 1 receptor antagonism with DPCPX was largely ineffective at inducing feeding and locomotion in mutants and did not augment the response to the A 2A antagonist, suggesting that the prophagic and activity-inducing effects of caffeine are mediated by inhibition of postsynaptic A 2A receptors. Indeed, with low caffeine doses (25 mg͞kg or lower) in wild-type animals, it has been hypothesized that A 2A receptors instead of A 1 receptors are preferentially blocked, and hyperlocomotion is induced by net elevation of efficacy of D 2 receptor signaling and depression in G olf activity in striatopallidal neurons (17, 23) . Higher caffeine doses (75-100 mg͞kg) elicit different responses that involve other pharmacological targets in addition to adenosine receptors, and these higher doses induce striatal immediate-early gene expression (23) (24) (25) (26) (27) (28) (29) (30) . Finally, the effects of caffeine in mutants were only marginally inhibited by a combination of dopamine receptor antagonists that substantially reduced L-dopa-activated locomotor activity and feeding, suggesting that most of caffeine's effects are not mediated by release of residual dopamine. Previous investigators have observed that caffeine-induced feeding in 6-hydroxydopamine-lesioned rats can be blocked by either D 1 or D 2 receptor antagonists and have concluded that caffeine does enhance presynaptic dopamine release (9) . The amount of residual dopamine present in the brains of Th Ϫ/Ϫ ; Dbh Th/ϩ mice is much less than that remaining in 6-hydroxydopamine-lesioned rats (11, 13) and may account for the difference between the mutant mice and lesioned rats.
Unexpectedly, caffeine attenuated dopaminergic agonistinduced hyperlocomotion and c-Fos expression in the mutants, which contrasts with previous observations that A 2A receptor antagonists potentiate D 1 receptor agonist-induced motor behavior and cAMP-dependent transcription in rats unilaterally lesioned with 6-hydroxydopamine by an indirect neuronal mechanism (31, 32) . L-dopa and D 1 receptor agonists induce c-Fos expression in dopamine-depleted rodents by increasing cAMP in striatonigral neurons (12, 33) . Caffeine could affect striatal cAMP-dependent transcription in a variety of ways. First, lowdose caffeine treatment could block A 2A receptors preferentially, which would reduce cAMP signaling in striatopallidal neurons. However, detection of depressions in cAMP-coupled gene expression is difficult because c-Fos expression is basally low in these cells, and even if this depression were detectable, c-Fos is induced in striatonigral cells with dopamine agonist treatment. Second, caffeine could block A 1 receptors on D 1 receptor-expressing striatonigral neurons, which would inhibit a G i -coupled receptor and enhance net cAMP signaling. However, dopaminergic agonist-induced c-Fos expression was reduced by caffeine. Third, low-dose caffeine treatment could indirectly dampen hyperlocomotion and c-Fos expression in striatonigral cells by blockade of A 1 receptors on cholinergic interneurons, promotion of local acetylcholine release, and activation of muscarinic receptors, which is known to oppose D 1 receptor signaling in this type of readout (34, 35) . Finally, it is possible that caffeine's dampening of dopamine agonist-induced activity and gene expression reflects effects independent of A 1 and A 2A receptors, as the A 1 receptor blocker DPCPX; the A 2A receptor inhibitor CSC; and the nonmethylxanthine, dual antagonist CGS 15943 did not reduce L-dopa-induced hyperlocomotion.
Because the depletion of dopamine signaling in Th Ϫ/Ϫ ; Dbh Th/ϩ mice is so severe and dopamine production can be restored with L-dopa administration, these animals serve as effective models of late-stage Parkinson's disease and L-dopainduced dyskinesia (i.e., excessive and often involuntary movement caused by repeated L-dopa treatment of Parkinson's disease patients) in a manner that complements other systems in which reductions of dopaminergic function have been studied. For example, previous reports showed that adenosine receptor antagonists reversed hypoactivity in D 2 receptor-deficient mice with partial efficacy (4) (5) (6) . In Th 
Th/ϩ mice suggest that adenosine antagonist treatments for Parkinson's disease patients could be developed that generate less dyskinetic side effects than dopamine replacement therapy, a notion that is supported by results from recent studies using monkeys (36, 37) . Additionally, other investigators have shown that excessive motor function and increased D 1 receptordependent gene expression induced by repeated injections of L-dopa into 6-hydroxydopamine-lesioned mice are reduced in A 2A receptor-deficient mutants (38) . The attenuation by caffeine of L-dopa-elicited hyperlocomotion and striatal c-Fos expression in Th Ϫ/Ϫ
Th/ϩ mice is consistent with this finding and also suggests that adenosine antagonists could be used to block L-dopa-induced dyskinesias.
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